Resistance to bacteriophage ~b6 by Pseudomonas phaseolicola HBIoY occurred at a frequency of about I in 120000 cells. Statistical analysis by the fluctuation and re-spreading tests indicated that the majority of q~6 R bacteria resulted from random mutation rather than from contact with the phage. However, exposing the bacteria to heated 46 (50 °C for I min) or 46 nucleocapsid (virus minus the lipid envelope) prior to testing for resistance increased the frequency two-to threefold; 46 dsRNA, unheated 46, or heated ~91 did not have this effect. Nine resistant variants were selected for further characterization. When DNA isolated from the variants was subjected to agarose gel electrophoresis, seven of the nine strains had two plasmid DNA bands typical of HBIoY; the remaining two strains had three plasmid bands. 46 attached to the pili of six of the nine variants; four of the variants actually had higher adsorption rate constants than HB~oY. Culture supernatants from the ~b6 ~ strains did not inactivate ~b6. One of the resistant strains, D5, produced large amounts of infectious ~b6 particles during its exponential phase of growth without a significant effect on its growth rate. Treatment of D5 with q~6-antiserum resulted in the loss of ~b6 production; however, unlike typical carrier-state cells, D5 retained its resistance to q~6.
INTRODUCTION
~b6, originally isolated for the bean pathogen Pseudomonas phaseolicola, is a unique bacterial virus in that it has a segmented genome composed of dsRNA and a lipidcontaining envelope (Semancik et al. 1973; Vidaver et al. 1973) . Electron microscopy has revealed that the virus attaches specifically to I to 3 long (up to IO ttm) subpolar pili on the host bacterium (Vidaver et al. 1973; Bamford et al. I976) . Although the genetic determinant for the receptor site(s) is unknown, it might be on a plasmid, as has been demonstrated for certain RNA phages ofEscherichia coli (Valentine et al. 1969) and of Pseudomonas aeruginosa (Bradley, 1974; Stanisich, 1974) Previous work with the pilus phages of E. coli and P. aeruginosa (Silverman et al. I967; Bradley & Pitt, I974) has suggested that resistant host mutants arc predominantly those which have a block in pilus synthesis. Whether host mutants resistant to ~b6 would be similar was unknown. 46 forms clear plaques, t to 3 mm in diam. on lawns ofP. phaseolicola. Many minute ~6 ~ clones appear within these plaques soon after their formation. Likewise, overnight incubation of P. phaseolicola ~b6 lysates yields large numbers of ~6 R cells. The present study is concerned with the nature and frequency of ~b6-resistance. Portions of this work have been published in abstract (Cuppels et al. 1978) .
METHODS
Bacteria, ~6, and ~6 nucleocapsid. Unless stated otherwise, nutrient broth-yeast extract (NBY) medium (Vidaver, 2967) was used to culture Pseudomonas phaseolicola HBIoY (Vidaver & Schuster, 1969) , the host strain of bacteriophage q~6, and its ~6-resistant variants. All cultures were incubated at 25 °C. Production of q~6 lysate and the isolation of q~6 and q~6 nucleocapsid have been described (Vidaver et al. I973; Van Etten et al. I976) .
Phage assays. The spot test for virus lytic activity, the plaque assays and the one-step growth experiment were performed using standard procedures (Kay, i97a) . Antiserum to ~b6 was kindly supplied by Dr E. Ball.
Determination of the frequency of f)6 resistance. Bacteria from an exponentially growing culture of HBIoY were spread over the surface of five NBY agar plates (approx. 5 x 2o 6 bacteria/plate), each of Which had just been spread with 5 x io 1° p.f.u. ~6; ~6-resistant clones appeared within 36 to 48 h. The resistance frequency was determined by dividing the number of ~6-resistant clones by the number of viable bacteria placed on the plates.
The ~6 R frequency also was determined for bacteria [o'9 ml of 2 x ios colony forming units (c.f.u.)/ml] pre-incubated for 15 rain with o.I ml of 4"5 mM-KH2POJ8 M-K2HPO4/ o'5 mM-MgSO4 buffer, pH 7-2, containing one of the following: (I) 2o 9 to Io TM p.f.u, q~6 (unheated), (2) Io 9 to ~o 1° p.f.u. ~6 (heated at 5o °C for I rain), (3) IO9 to 2o l° p.f.u. ~92 (heated at 5o °C for I5 rain), (4) 23 #g ~6 nucleocapsid (equivalent to 2 × 2o 11 ~b6 particles), (5) 12"7 #g ~6 dsRNA (equivalent to 6-8 × Io 11 ~6 particles). As a control, 0"9 ml &bacteria were incubated with o.I ml buffer for I5 rain. All phage or ~6 components were filtersterilized (Nucleopore Corp. Pleasanton, Calif., U.S.A.) before incubation with the bacteria.
Fluctuation and re-spreading tests. Tests for spontaneous mutation were as described by Luria & Delbrfick (I943) for fluctuation and Newcombe 0949) for re-spreading. For the Newcombe test, 26 NBY agar plates were spread with approx. 5 × Io4 bacteria. After I I h, the bacteria on five plates were redistributed with a spreader while bacteria on five other plates were left undisturbed. All ten plates were then sprayed with ~b6 (5 × t o1° p.f.u./ plate). The process was repeated at 22.2 h. At o, I I and i2.2 h bacteria were removed from two plates, serially diluted and spread on NBY plates to determine the total number of viable bacteria per plate. The mutation rate between 21 and 12-2 h was calculated using the formula of Hayes (1968) :
where M = the number of mutant clones and N = the total number of bacteria.
Adsorption of ~6. The rate of adsorption of ~6 to exponentially-growing bacteria (2× 2oSc.f.u./ml) (m.o.i. 0-02) was determined as described by Adams (I959). After phage was added to the culture, the mixture was incubated with shaking (2oo rev/min) for 2omin. At 5, Io and 2o rain, o'5 ml samples were removed, diluted 2:~o in NBY broth and centrifuged at 20000 rev/min for 8 min. The supernatants were assayed for plaque formation. As a control, ~b6 was incubated in NBY broth alone for 2o min.
Electron microscopy. Bacteria (i x io 8 c.f.u./ml) grown in minimal salts, casein (MSC) medium (Coplin et al. 1975) , were concentrated to approx. ~ x Io 9 c.f.u./ml by centrifugation (5 rain at 4ooo rev/min). The bacteria (o'm3 ml) were mixed with ~b6 (2 x lo 9 p.f.u. in o'oI3 ml; m.o.i. J54) on Parafilm. A carbon-backed, collodion-coated grid was floated on the drop surface for t rain, washed with o.I M-ammonium acetate and negatively stained with 0-2 % (w/v) potassium phosphotungstate. The micrographs, calibrated with a carbon grating replica (54800 L/in, Ted Pella Inc., Tustin, Calif.), were taken with a Philips EM 2oi electron microscope at 80 kV. One hundred randomly selected cells from each strain were examined for the presence of ~6-covered pill.
In vivo synthesis of (~6 dsRNA. Procedures for labelling ~6-infected bacteria with 3H-uracil and for extracting the labelled dsRNA have been described (Coplin et al. I975) . Bacteria growing in 5 ml MSC medium were infected with ~6 (m.o.i. 20) and then labelled 0"5 and I5 min p.i. with IO and 5 #Ci 5,6-3H-uracil (4I'3 Ci/mmol; New England Nuclear) in the absence of rifampin. Samples were removed from the cultures and processed for dsRNA I5 and 60 min p.i. Isolated RNA was electrophoresed on a z'5 % polyacrylamide (4% cross-linking) slab gel containing 0.5% agarose for I6 h at 50 V and the electropherogram visualized by fluorography (Bonner & Laskey, I974; Laskey & Mills, Isolation and analysis ofplasmid DNA. Plasmid DNA was extracted from 30 ml NBY culture (4 × lo8 c.f.u./ml) by the method of Currier & Nester (I976) . The DNA was electrophoresed on a 0.7% agarose gel in a tris-borate buffer (89 mM-tris, 2"5 mM-Na~-EDTA and 89 mM-H3BO3) (Meyers et al. I976) . Plasmids RIdrd 19 (62 x IO6), RPI (39 × IO6) and RSFIo3o (5"5 × IO6), kindly supplied by Dr C. Gonzalez, served as mol. wt. standards.
Phage propagation in broth cultures of phage-resistant bacterial strains. Phage-sensitive bacteria in an apparently phage-resistant population were detected as described by Stanisich 0974).
Treatment of a $6-releasing (D5) culture with (~6-antiserum. Bacteria from an exponentially growing culture of strain D5 (2 × io a c.f.u./ml) were removed by centrifugation, washed twice with NBY broth and suspended in $6-antiserum (at a concentration sufficient to neutralize 99% of the phage in IO min). After ~5 min incubation at 25 °C, bacteria were removed by centrifugation and the treatment was repeated. After four treatments, the bacteria were diluted and plated on NBY agar. Release of ~6 by IOO antiserum-treated clones was tested by transferring growth from the clones to freshly prepared lawns of strain HBIoY on NBY agar. Zones of clearing around phage-releasing clones were visible within 24 h.
Effect of D5 on (~6 infection of HBIoB Str R.
HBIoB Str ~, a mutant of HBIoY, was grown to late log phase (I.3 × Io9 c.f.u./ml) and D5, C9 and R3 were grown to early log phase 0"5 × IO8 c.f.u./ml) in NBY broth. One ml of HBIoB Str R culture was added to 9 ml of the D5, C9 or R3 culture. As a control, HBIoB Str R was added to 9 ml NBY broth. q~6 was added to all flasks (m.o.i. 4). At o, I, 2 and 3 h, samples were taken from each flask and plated on NBY agar+z5o/zg/ml streptomycin sulphate (Sigma Chemical Company).
RESULTS

Resistance frequency
When bacteria from an exponentially growing culture of Pseudomonas phaseolicola HBIoY were spread over ~6-containing agar, ~6 R variants appeared at a mean frequency (per bacterium) of 8-5_+ 3"7 × IO-6 (based on ten separate determinations). Each time the frequency was determined, Ioo randomly selected ~6 ~ clones were streaked on NBY agar and spot-tested for sensitivity to ~b6. All re-tested clones were phage-resistant and remained ~6 ~ after being re-cloned two to three times.
The frequency at which #6 s bacteria appeared in a P. phaseolicola population was high but not unusual since the $6 R phenotype conceivably could result from mutational alterations in more than one gene. Nevertheless, the question of whether the ~6 x phenotype 17-2 D. A. CUPPELS, A. K. VIDAVER AND J. L. VAN ETTEN could have arisen from contact with ~b6 should be considered, particularly in view of a recent report of possible lysogeny between another RNA phage, f2, and Escherichia coli (Zgaga, 1977) . The question was approached statistically by means of the fluctuation (Luria & Delbrfick, 1943) and re-spreading (Newcombe, 1949) tests (Tables I and 2; each  table represents typical results from three separate trials). In the fluctuation test (Table I) , the wide fluctuation about the mean number of ~6 R bacteria seen in samples from ten separate cultures was as predicted if clones of ~6 R bacteria developed at different stages in the growth of the cultures (spontaneous mutation) rather than at the time of contact with 06. Likewise, in the re-spreading test (Table 2) , the larger number of 06 R clones appearing on the re-spread plates (than on the undisturbed plates) was as expected if phage-resistant bacteria were already present and had developed into clones before they were sprayed with ~b6. The frequency of the $6 R phenotype was estimated from the re-spreading test data to be 3"5 -+ o'9 × ~o -7 variants/cell-generation. The above tests indicated that the majority of ~6-resistant variants that were observed if6 ds RNA t 6.8x IO -e 6.5 x IO -6 o 2 8"3 x io -0 8"3 X 10 .6 0 3 6.I X IO -6 6"6X I0 -6 8 Unheated ~56
I 8"OX 10 -6 8"I X I0 -6 I 497 2 7"5 × IOn 7"3 × IO-S o * The ~b6 R frequency was determined (see Methods) for bacteria from an exponentially growing culture of HBIoY (o'9 ml) that had been pre-incubated for I5 min with o-I ml of tz-5 mM-KH~PO4/o'5 mMMgSO4 buffer (pH 7'2) containing one of the following: Io 9 to Io 1° p.f.u. ,66 (heated at 50 °C for I min), to 9 to IO 1° p.f.u, unheated q56, 13/zg ~b6 nucleocapsid, or Iz-7 F~g if6 dsRNA. As a control, bacteria were pre-incubated for I5 min with the buffer alone.
arose through mutation and not by a process involving contact with the phage, such as lysogenization. However, one further test of the effect of 956 on the resistance frequency was performed. Bacteria were briefly exposed to 956 or 956 components just before being spread on 956-containing agar. When HBIoY was exposed to heated 956 (5o °C for I rain) or 956 nucleocapsid, the mean number of resistant variants/bacterium increased from 8" 5 X 10 -6 to 2" 3 + I'1 x IO -`5 and I'5 +0"97 x ~o -5, respectively (Table 3) . Although there was considerable variation between experiments, treatment with nucleocapsid or heated 956 always resulted in an increase (over the control) in the 956 R phenotype. The 956-resistance of clones growing on 956-containing agar was always confirmed by the spot test. Exposure of the HBIoY culture to 956 dsRNA, unheated 956 or heated 9591 (Vidaver et al. I973) had no effect on the frequency of resistance.
To determine whether 956 resistance could be attributed to one common mechanism or to several, nine 956 R variants were chosen for further study: three originated from lawns of Pseudomonas phaseolicola HBIoY that had been spotted with a 956 suspension (R I, R 3 and RI4); three originated from a culture of HBIoY that had been exposed to heated 956 (DI, D4 and D5); and three from a culture of HBIoY that had been exposed to 956 nucleocapsid (C2, C3 and C9). Each strain was re-cloned several times before being tested for 956 adsorption, ~b6 inactivation, major changes in plasmid DNA content, synthesis of 956 dsRNA and production of whole infectious 956 particles.
adsorption and inactivation
The ability of HBIoY and the phage-resistant variants to adsorb 956 was quantified using adsorption rate constants and electron microscopy ( Table 4) (I)5, D4, C2, C3, R1, R3, Dt, C9 and RI4) were derived from ~6-sensitive 1" Standard deviation for strains with rate constants > o was I 1.6 %, calculated on the assumption that the variance for each determination was identical.
This number represents the percentage of Ioo randomly selected bacteria that had phage attached to their pili. strains (C2, C3, RI and R3) were 3"5 to 6 times more efficient than HBIoY at removing added virus from suspension. However, electron microscopy revealed that the number of individual bacteria in these cultures able to adsorb 46 to their pili was similar to that for HBIoY (Fig. I) . Although cultures of three of the ~b6-resistant variants (DI, C9 and RI4) were able to remove Io to 2o% of the phage from suspension, their adsorption rate, as calculated over the 2o rain time interval, was o. Assaying unadsorbed phage to determine adsorption rate is not reliable when bacteria adsorb less than o/ 20/o of added phage because of limitations in the accuracy of the plaque assay (Adams, x959) . If phage were adsorbed by Dr, C9 or RI4, then they probably were adsorbed at a very slow rate and by a small fraction of the population, as indicated by electron microscopy.
The variants also were tested for their ability to release ~6-inactivating compounds. ~b6 was incubated in the supernatants from exponentially growing ~6-resistant cultures for 40 rain. As a control, 46 was incubated for 40 rain in NBY broth. The phage titre in the phage-resistant culture supernatants did not differ significantly from that of the control at the end of the incubation time.
Presence of plasmid DNA in phage-resistant host variants
If 46 susceptibility is plasmid-controlled, then some of the ~b6 ~ variants ofP. phaseolicola HBxoY might have a different plasmid profile. Plasmid DNA was extracted from the nine variants and HBIoY and analysed by agarose gel electrophoresis (Fig. 2) . Two plasmid bands, with approx, tool. wt. of 35 and 75 x io ~, were present in all strains. However, R3 and RI4 had a third extrachromosomal band of approx. Io5 x io 6. Although plasmid DNA from HBIoY was extracted and analysed several times, this third band was never observed.
Synthesis of 46 dsRNA
The nine resistant variants were compared with HBIoY in their ability to support ~b6 dsRNA synthesis. Detectable amounts of 46 dsRNA were synthesized in HBIoY and D5 I5 rain after 46 had been added to the cultures. The relative quantities of ~b6 dsRNA produced by the two strains at 6o min is shown in Fig. 3 . D5 appeared to be the only ~56-resistant variant that could support virus nucleic acid replication.
Resistance to bacteriophage ¢6 499 
production in cultures o f ~56-resistant variants
Resistance to ~b6 initially was determined by the inability of ~56 to form areas of lysis on lawns of the test bacteria. Some P. aeruginosa and E. eoli populations that appeared resistant to sex-specific phages when tested by this method actually contained a number of susceptible bacteria (Meynell & Datta, 1966; Stanisich, I974) . To determine whether cells capable of being infected with ~56 existed in populations of the phage-resistant strains, ~b6 was added to exponentially growing cultures (7 × lO7 c.f.u./ml; 3 × Io5 p.f.u./ml) whose supernatants were then assayed for phage at the end of a 6 h incubation period (Table 5 ). The titre of the D 5 culture increased by Io4; that of D4 by two-to fourfold (based on three separate determinations). No change, or else a decrease in titre, was observed for the remaining strains. The four strains with the marked decrease in titre were the same strains that had more efficient adsorption rate constants than HB~oY (Table 4) 
Properties of strain D5
The latent period and average burst size for ~56-infected D 5 were compared with those for ~b6-infected H B I o Y by means of a single-step growth experiment. The latent period for both strains was approx. 55 min. The burst sizes averaged I6O for H B I o Y and I85 for D 5. The phage titre I8o min p.i. was essentially the same as that at loo min p.i. for each strain. An estimated 55 % of the H B I o Y population formed infective centres whereas only 20 % of the D5 population did.
A ~b6-releasing D5 population could be freed of the virus by treatment with ~6-antiserum for /> I h. Antiserum-treated cultures, however, remained resistant to the phage (as determined by the spot assay).
Even though ~b6 replicated in cultures of D 5, no significant effect on the growth rate of these bacteria, whether determined by changes in absorbance or by changes in c.f.u./ml, was observed. The ~b6 titre of an exponentially growing culture (2 X 107 c.f.u./ml; m.o.i. 3) was 3 × Io 9 p.f.u./ml at 7 h (2 × lO s c.f.u./ml) and I × lo 1° p.f.u./ml at 12 h (t × IO 9 c.f.u./ ml). In growth rate, cellular and colonial morphology and ~b6-adsorption D5 resembled HBIoY. D 5 differed from H B w Y , however, in its increased sensitivity to mitomycin C (Fig. 4) . In this respect, D5 was similar to the aeruginocin-tolerant mutants ofP. aeruginosa, which are believed to be membrane mutants (Holloway et al. t973 ). 2. x IO ~ Control1" 3 × lOS * Bacteria grown in NBY broth to 2"5 × Io 8 c.f.u./ml were diluted I "5 (5 × IO7 c.f.u./ml) in fresh broth before ~6 was added.
t As a control, ~b6 was added to uninoculated NBY broth. The possibility that a few initially ~6-infected bacteria in a D5 population were producing an endolysin-like compound that protected surrounding bacteria by removing their phage receptor sites was tested by adding strain HBIoB Str R ~6 s to a ~b6-releasing culture of D 5 in the presence of added ~b6. Strain C 9 (a non-~6-adsorbing variant) and strain R3 (a ~6-adsorbing variant) were employed in place of D5 as control cultures. As an additional control, HBIoB St# alone was infected with ~b6. Viable counts were performed at I, 2 and 3 h. Within 3 h of ~b6 addition, the population of HBIoB Str ~ ~6 s had dropped: 99"4% in single culture, 99"7% in mixed culture with D5 or R3 and 98% in mixed culture with C9. DS, as well as the other resistant variants tested, was unable to prevent or delay phage infection of HBIoB Str R ~56 s.
DISCUSSION
The relatively high frequency of occurrence of ~56 ~ variants in a HBtoY population could be explained if several bacterial genes were required for ~b6 adsorption and penetration. Although the fluctuation and re-spreading tests indicated that the majority of ~b6-resistant variants of HB~oY arose through random mutation, short exposure of HBloY to heated 956 or 956 nucleocapsid did increase the number of these variants. Since whole phage particles (unheated) or phage dsRNA did not elicit this response, the effect might require some protein present in the 956 nucleocapsid.
Recently, the fluctuation test was used to analyse the frequency of occurrence of methylene blue and sodium deoxycholate resistant variants of Caulobacter crescentus GUI (Farrell & Smith, I978). The results indicated that the resistant variants aros.~ by a means other than random mutation. Farrell & Smith 0978) suggested there might be inheritable, adaptive changes in the phenotype of this strain, most probably occurring in the cell membrane. This interesting hypothesis, which remains to be proven, might have relevance to our study of resistance to the lipid-containing phage 956.
More than one mechanism was responsible for ~b6 resistance in the nine 956 R variants studied. Unlike the majority of host mutants resistant to RNA pilus-specific phages, most of the 956 ~ variants did not have a block in pilus synthesis. In fact, four ~b6 ~ strains were more efficient than 956 s HBIoY in removing phage from suspension. Only three variants did not adsorb phage. Electron micrographs of negatively stained cells of these mutants did not conclusively show the presence or absence of the long subpolar pili characteristic of HBIoY. Whether the pili were defective or just not present is not known.
As determined by migration on agarose gels, the plasmid DNA of the resistant mutants did not differ significantly from that of HBIoY. A small deletion, however, would not have been detected. If phage sensitivity is plasmid-determined in HBIoY, then the plasmid apparently is quite stable and its loss cannot be used to explain the high frequency of 956 resistance. The possibility that the 70 x 106 and ~o5 x ~o 6 mol. wt. plasmids are oligomers of the smaller plasmid is presently under investigation.
Carrier state, a term which has been used to describe the co-existence of a bacteriophage with a phenotypically-resistant host, loosely defines the relationship of D 5 with 956. Unlike most other carrier strains that have been described (Fraser, I957; Li et aL I96I; Davern, I964) , D5 does not lose its phage resistance when the phage is removed by 956-antiserum. Furthermore, the overall lack of phage sensitivity of a D5 population cannot be explained by delayed lysis (Hayes, I968) or by the release from infected bacteria of an enzyme (endolysin) that protects neighbouring bacteria by removing their phage receptor sites (Li et aL I961) . The D5-956 relationship did resemble that of pitus-specific phages with certain Pseudomonas aeruginosa (Stanisich, I974) or Escherichia coli strains (Meynell & Datta, I966) . These strains, which appeared phage-resistant by spot assay, were able to support a limited phage multiplication in liquid culture. A large percentage of the population of such strains carried sex factors that were repressed in the functions necessary for phage adsorption and propagation. In a few cells, however, the sex factors were not repressed and thus these cells were susceptible to infection. If the genes necessary for 956 infection are likewise under stricter control or repressed in the D5 mutant, relative to HBIoY, then the degree of repression would have to be slight since approx. 2o % of a D5 population (55% for HBIoY) form infective centres and 60% of the cells observed by electron microscopy adsorb 956. However, such a small change in the relative numbers of sensitive and resistant bacteria may be all that is needed for a D5 culture to assume a carrier-like state with 956. Recently we have found that D5-1ike bacteria, supporting various levels of q56 replication, are relatively common (6 of 20 tested) among 956 ~ clones of H BIoY.
